ATP release has been shown to occur following stimulation in several cellular systems. This study was undertaken to determine if lens and retinal epithelial cells release ATP in response to physiological stresses and to elucidate a possible role for ATP. Analysis of human aqueous humour samples showed a mean ATP level of 37.8 ± 7.7 nM. Hyper-osmotic stress induced a dose-and time-dependent release of ATP. Both cell types were found to proliferate in serum-free medium, and the addition of ATP and adenosine at concentrations as low as 0.1 nM inhibited growth. Gene profiling also demonstrated the presence of the ectonucleotidases CD39 and CD73 and the A1 adenosine receptor on both cell types.
Introduction
ATP is the major provider of free energy within the cell, but it has become increasingly obvious in recent years that it also has major roles to play as an extracellular signalling nucleotide [1] . For example, in the eye, purinergic receptors have been implicated in the control of tear film secretion [2] , fluid transport across the RPE (retinal pigment epithelium) [3] and Müller cell function in the retina [4] . Although the source of this ATP in most circumstances is unknown, ATP release from RPE cells has been detected following a range of physiological stimuli [5] . Less attention has been paid, however, to a possible role for ATP in ocular pathology. For example, osmotic stress has been suggested to play a major role in cataract formation [6] and mechanical stress due to raised intraocular pressure and may well contribute to glaucoma pathologies.
The aim of the current study was to identify whether lens and RPE cells could release ATP in response to stress stimuli and also to determine whether ATP could induce functional effects. Modulation of growth, for example, is of critical importance to both lens and retina, and changes in growth patterns have been implicated in cataract formation [7] and retinopathies [8] . The work presented addresses these particular issues.
Experimental

Cell culture
Two cell lines, human lens epithelial (FHL-124) and human telomerase-transfected RPE (hTERT-RPE) cells, Key words: adenosine, ATP, ectonucleotidase, hyper-osmotic, lens, retinal pigment epithelium.
Abbreviation used: RPE, retinal pigment epithelium. 1 To whom correspondence should be addressed (e-mail j.eldred@uea.ac.uk).
were cultured in Eagle's minimal essential medium (with 5% foetal calf serum) and seeded as patches on tissue culture dishes. The cells were then left for 24 h to reach confluency, and then serum-starved for a further 24 h prior to exposure to experimental conditions.
Stress-induced release of ATP
Osmotic stresses were induced by adding 12.5 or 25 mM NaCl to control medium. Aliquots of 100 µl were taken from the bathing medium at 10-min intervals for ATP analysis. Extracellular protein levels were determined by the BCA (bicinchoninic acid) assay (Pierce).
Growth assay
Confluent patches were exposed to serum-free or experimental conditions and cultured for 4 days without medium change. The patches were stained with Coomassie Blue, and the size of the patch was quantified using image-analysis software. A subset of patches was also stained at the start of the experimental period to give the area at t = 0 (100% growth).
ATP was determined in human aqueous humour samples and culture media using a luciferin/luciferase bioluminescence kit (Roche). Samples and appropriate standards were assayed using a Berthold MicroLumat plus LB 96V luminometer.
Gene array analysis
Total RNA was extracted from FHL-124 and hTERT-RPE cells using RNeasy kits (Qiagen) and converted to cRNA via cDNA and loaded on to human U133A Affymetrix gene arrays. Analysis was performed using Spotfire software. 
Results
ATP detection in human aqueous humour
The mean level of ATP in aqueous humour samples was 37.8 ± 7.7 nM (n = 52; range, 1.5-259 nM).
ATP release in response to hyper-osmotic shock ATP levels in the culture medium of both FHL-124 lens cells and hTERT-RPE cells remained low throughout the experimental period (Figure 1 ). However, in both cell types an increase in ATP was obtained in the presence of hyperosmotic stress (Figure 1 ). The kinetics of ATP release were dependent on cell type and the extent of hyper-osmotic shock. Note that the response in all cases declined with time, indicating that a breakdown of ATP had occurred.
Modulation of growth by ATP and ATP analogues
The patch areas of both FHL-124 and hTERT-RPE cells exhibited growth when maintained in serum-free medium (Figure 2) . In both cases, growth was inhibited by the application of ATP, with peak inhibition observed at 1 nM (Figure 2) . When comparing the effects of ATP analogues it was observed in FHL-124 cells that 100 pM ATP, ADP and adenosine all significantly inhibited growth when compared with serum-free conditions (P 0.05). UTP, however, had no detectable effect on growth. In the case of hTERT-RPE cells, 100 pM ATP and adenosine both significantly reduced growth (P 0.05). ADP and UTP had no significant effect on growth.
Expression of adenosine receptors and ectonucleotidases
Gene array analysis showed that both cell types expressed cell surface ectonucleotidases CD39 and CD73. These catalyse the breakdown of ATP to AMP and of AMP to adenosine respectively. Expression of A 1 adenosine receptors was also detected in both cell types, whereas the A 2B receptor was detectable only in hTERT-RPE cells.
Discussion and conclusions
The presence of adenosine nucleotides in aqueous humour has been known for some time [9] . However, most of the studies have been carried out on animal or abattoir specimens. The data presented here indicate that ATP is also present in fresh human aqueous humour samples and also that the variation in concentration is considerable. The lens presents a considerable reservoir of ATP, and since we have shown that ATP can be released following stress, it is possible that values at the upper end of the range are due to the stress of cataract. Previous studies on a human RPE cell line (ARPE-19) have shown that ATP release can be triggered by hypotonicity [5] .
The work presented here also shows that a hypertonic stress can release ATP, which is hydrolysed rapidly. The previous RPE studies also showed the presence of extracellular ectonucleotidases, and indicated that adenosine had a major role to play in controlling normal physiological functions of the RPE. Most of the previous studies involving the purinergic system have employed ATP concentrations in the micromolar range or above [2] [3] [4] . The present study is the first to show that nanomolar concentrations of ATP have a significant effect on cell function. In the RPE cells, for example, 100 pM ATP induced significant growth inhibition, and this was also true of FHL-124 cells. Even though these two epithelial cell types are from distinct regions within the eye they behave in a remarkably similar manner, except in terms of their response to ADP. Since adenosine has a major inhibitory effect in both systems, the difference in ADP response could be due to a difference in expression of CD39, of which there are five isoforms with different affinities for the substrates. All the evidence indicates that inhibition of proliferation in both cell types is via adenosine, and the fact that the A 1 adenosine receptor was present in both systems indicates that the agonist acts via this pathway.
In the past, research into the factors controlling the growth of both lens and RPE have largely been confined to the systems that drive growth. The data presented here indicate that in the future more emphasis should be placed on the equally important systems that potentially limit growth.
